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Enthalpy measurements for a light distillate (^520°F 
atmosphere end point) and a middle distillate (^6l0°F 
atmospheric end point) obtained from Utah Syncrude and for 
n-Heptane were undertaken using a flow calorimeter.
The n-Heptane data were obtained at 15^ psia over the 
liquid* two phase and vapor regions. The results are in good 
agreement with data from previous workers. The experimental 
heat of vaporization was determined to be 92 Btu/lbm at 15^ psia 
and 401°F as compared to 92 Btu/lbm at 150 psia and 401° F 
reported by other workers (12, 13).
The enthalpy measurements for the light distillate were 
made over a pressure range of 60 to 1500 psia and temperatures 
from 128°F to 722°F. Methods of prediction of enthalpy 
developed for petroleum fractions compared well with experimental 
enthalpies at lower temperatures ( ^  300°F) but differed 
considerably at higher temperatures ( ^  700°F). The methods 
ware in error completely in the two phase region.
For the middle distillate enthalpy measurements were 
attempted at 500 psia and only nine data points were obtained 
owing to the limitation in the amount of sample available.
No comparisons between the experimental and predicted 
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Thermodynamic property research is justly recognized 
as invaluable by process and design engineers in the petroleum, 
chemical, and allied industries. Calorimetric measurements 
of specific heats and enthalpies, pressure volume-temperature 
measurements, and phase equilibrium determinations, for pure 
fluids or complex mixtures, are all essential in the optimum 
design of both physical and chemical processing units.
Synthetic fuels derived from coal sure a new and an 
important class of industrial oils whose thermodynamic 
properties sure largely unknown and, presently, unpredictable. 
Enthalpy measurements are one of the most important thermo­
dynamic properties required to make efficient design calcula­
tions of equipment since they can be used directly in the 
determination of process heat loads.
The apparatus was first tested by measuring the enthalpy 
of water over a pressure range of 100-1500 psi and a temperature 
range of 65-550°F (8) and comparing the data obtained with 
that in the literature (4). Water was chosen as an evaluation 
standard because of the availability of reliable enthalpy 
data. The calorimeter was further evaluated using n-heptane 
as the test fluid in order to obtain enthalpy data across a 
liquid-vapor phase transformation. This was deemed necessary 
since the measurements done earlier on water were all in the
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compressed liquid region. The high heat of condensation of 
water makes operation with a steam or steam+liquid water 
inlet stream impractical with the present calorimeter (8, 10).
In general, the accuracy of the calorimeter was determined 
to be jG.5$ of the measured enthalpy differences AH.
The purpose of this research is to present results of 
the enthalpy measurements on a light distillate (cut points 
520°F @ 760 mm. Hg) and a middle distillate (cut point ̂
6lO°F @ 760 mm. Hg) obtained by distilling the synthetic oil
derived from a Utah coal by the COED process. Enthalpy
measurements on the "whole oil" were attempted but operation
was not possible because the sample viscosity appeared to 
increase dramatically with time owing to some unusual 
property of the Utah Syncrude.
Methods of prediction of enthalpy developed for petroleum 
fractions compared well with experimentally determined enthalpies 
of the distillates obtained from the Utah Syncrude at lower 
temperatures (~300°F) but differed considerably at higher 
temperatures (^700°F). The methods were completely in error 
in the two-phase region.
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THEORY
Experimental basis and process selection have been 
discussed in detail by J . R. McConnell (8). Briefly, a 
reference- fluid boil-off flow calorimeter similar to that 
originally developed by Nelson and Holcomb (9) was constructed 
for use in this study. In this comparative method, the amount 
of energy removed from the test sample by heat transfer to 
a boiling fluid (Freon 11, in this case) is determined from 
a knowledge of the latent heat of vaporization and the quantity 
of reference fluid boiled away. This then gives the enthalpy 
difference at constant total composition between a given 
temperature and the reference fluid boiling point. Freon 11 
was selected as a reference fluid since it boils near room 
temperature.
The first law of thermodynamics when applied to a flow 
calorimeter with negligible potential and kinetic energy 
effects reduces to,
Where,
&H) = enthalpy difference/unit mass of the fluid
between the outlet and inlet conditions at a 
constant overall composition, x,
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Q = net rate of heat transfer to the fluid,
W = net rate of work output, and 
M = mass flow rate of the ’test” fluid.
For a boil-off calorimeter, as in the present case, 
there is no work output (W = 0) and the 
net rate of heat transfer, Q, is given by,
Q « + q
Where,
Mp = mass flow rate of the reference fluid boiling off,
= latent heat of vaporization of the reference fluid,and 
q » heat loss from the calorimeter reference fluid system, 
or heat flow from ambient (^80°F) to the Freon 11 
at 65°F 
Hence, eqn. (1) becomes,
0.(AH)x = + « (2)
The heat loss term represents a limitation in the accuracy 
of a measurement but, as is apparent, it is inversely proportional 
to flow rate. Thus, in order to minimize the heat loss effects, 
most of the calorimetry facilities (as with this one) have 
been designed to operate at flow rates in the order of one 
gallon per hour (7,9)•
The final results consist of enthalpy variations
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with temperature (reference temperature = 65°F) along 
different isobars. The outlet pressures of the "test" fluid 
were all corrected to a reference pressure of 1 atmosphere.
In the two phase region, the experimentally determined 
enthalpies represent the total enthalpy of the vapor-liquid 
mixture having an overall composition the same as that of 
the original sample. These results are useful in the process© 
design of heat transfer equipment; however, a knowledge of 
vapor-liquid.: equilibria is also required in the design of 
mass transfer equipment.
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EQUIPMENT AND PROCESS FLOW
Equipment
The equipment and process flow have been discussed in 
detail by J.R. McConnell (8).
Figure 1 shows a detailed drawing of the calorimeter.
"The calorimeter is constructed of 30^ stainless steel except
where it is in contact with the sample oil, where 316 stainless
steel is used. The inner chamber constitutes the boiling
bath. The 35 foot long coil of 1/8 inch outside diameter
stainless steel tubing provides more than adequate heat
otransfer area to cool the sample down to within 1 F of the 
Freon 11 bath. The Freon vapors that boil off from the inner 
chamber travel through the demister before leaving the 
calorimeter. The demister removes entrained liquid from the 
exit stream allowing only the vapor to leave. The middle 
chamber contains boiling Freon. It acts as an insulating 
barrier by eliminating any temperature difference between 
the inner chamber and its surroundings. It also increases 
the capacity of calorimeter for holding Freon since the two 
chambers are connected by the Freon feed tube. The outer 
chamber is evacuated by the vacuum system to provide a pressure 
of less than 7x10“^ mm .” (8).
The calorimeter was designed to obtain essentially 
isobaric data depicting the effect of temperature on enthalpy 
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pressure drops across the calorimeter are encountered and 
since the inlet pressure is taken as the reference pressure, 
a correction for the pressure difference is necessary for
. ethe liquid at 65 F. However, since the enthalpy of a liquid 
is not a strong function of pressure, the pressure correction 
to obtain the isobaric enthalpy difference is small.
Process flow
Figure 2 shows a process flow diagram of the experimental 
apparatus. The system is designed to handle corrosive, relatively 
unstable coal-derived liquids. The layout of the piping was 
dictated by the possibility of two-phase flow developing 
at high temperatures as well as the expected small amount of 
some of the samples. This called for a constant downward 
movement of the sample after heating to prevent trapping of 
the liquid in low spots thus minimizing the possibility of any 
compositional changes that might otherwise take place. Also, 
because of the limitation of small amounts of some of the samples, 
the shortest possible piping was used. For virtually all of 
the system, 1/8" outside diameter (l/l6" wall thickness)
316 stainless steel tubing was used.
The sample is pumped from the surge tank by means of a 
Milton-Roy dual diaphragm pump. The dual diaphragm evens 
out the pump pulsations because of its double-action. The 
sample then flows through an in-line 60p filter to remove 

















































clogging up of the lines. A bladder accumulator incorporating 
a nitrogen filled bag to absorb the force of the pump stroke 
and cushion the liquid system against pressure surges is 
installed downstream of the in-line filter. The sample is 
then preheated gradually to minimize sample decomposition in 
a fluidized-bed preheater bath. The sample flows through a 
25 foot coil installed in the bath to provide an adequate 
heat transfer area. Air is injected at the bottom of the bath 
in order to fluidize the fused alumina sand to produce a safe 
heat transfer medium.
The fluid pressure at the calorimeter inlet can be 
measured by means of a pressure transducer (not in use at 
present) or a bourdon tube gauge. A rod-type final heater 
controlled by a Proportional-Integral-Derivative (PID) 
controller using an in-line thermocouple sets the inlet 
temperature of the fluid to the calorimeter. An in-line 
platinum resistance thermometer at the inlet to the calorimeter 
measures the fluid temperature. Downstream of the calorimeter, 
the fluid pressure is measured by means of a transducer or a 
bourdon tube gauge and another in-line platinum resistance 
thermometer measures the fluid outlet temperature. A back 
pressure regulator is used to maintain the system pressure 
with the pressure being set by pressurized nitrogen. The 
sample fluid is then returned to the surge tank or* sent to 
the collection tube by means of a three way valve.
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The Freon 11 boiled off from the inner calorimeter chamber 
as a result of heat transfer with the sample fluid, passes 
through a demister before entering a heated tube leading to 
the main condenser. An in-line platinum resistance thermometer 
upstream of the heated tube measures the Freon vapor outlet 
temperature. The tube is heated to prevent the condensation 
of the vapor before it reaches the main condenser. The 
condensed vapor from the main condenser flows past a vent, 
through a vapor trap and on to a three-way valve whereby 
it can be directed to either the return heater or the 
collection tube. The return heater is used to heat the 
sub-cooled liquid Freon to its saturation temperature 
before allowing it to enter the calorimeter.
The Freon boiled off from the outer chamber of the 
calorimeter is condensed in the small condenser along with 
vapors from the return heater and returned to the calorimeter.
The layout of the Freon 11 lines was influenced by the 
gravity forced flow from the main condenser, minimization of 





Instrumentation for temperature and pressure measurements 
along with various controls has been discussed in detail by 
J. R. McConnell (8).
Temperature* Temperatures not directly involved in the 
enthalpy calculations are "measured with iron-constan thermo­
couples connected to an Omega digital readout", (8). At the 
sample inlet and outlet to the calorimeter as well as the 
Freon 11 outlet to the calorimeter, where accurate temperature 
measurements are required, 100 ohm platinum resistance 
thermometers are used. The output of the resistance thermo­
meters is measured using a digital volt/ohm meter manufactured 
by John Fluke Company.
Pressure* Pressure measurements on the sample system are 
made using two bourdon tube gauges located at the inlet and 
the outlet of the calorimeter to give the operating pressures 
and the pressure drop across the calorimeter coil.
Controls
Figures 3 and 4 show the main control panels of the 
equipment and are essentially the same as drawn by J. R. 
McConnell (8). A selector switch for the three platinum 
resistance thermometers and a Heise gauge to measure the 
sample pressure at the calorimeter outlet have been added
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to the right and the left control panels respectively as 
shown in the Figures. The lesser used controls are located 
throughout the equipment.
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Symbol index for Figure 3
A. Heise gauge for measuring the sample pressure at 
the calorimeter outlet (new addition)
B. Heise gauge for measuring the sample pressure at 
the calorimeter inlet
C. Air flow meter for the preheater bath
D. Heise gauge shut off valve for (A)
E. Preheater temperature controller
F. Heise gauge shut off valve for (B)
G. Water rotometer for inlet pressure transducer 
(not in use at present)
H. Variac for the return heater
I. Variac for the Freon line heater
199̂
Scale: l£ = 1
FIGURE 3 LEFT MAIN CONTROL PANEL
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Symbol index for Figure k
A. SCR Unit power indicating light
B. Vacuum pump-ON/OFF switch
C. Main pump- ON/OFF switch





e. Solenoid valve A
f. Solenoid valve B
g. Solenoid valve C
h. Solenoid valve D
i. Freon pump 
j. Blank
k. Blank 
1 . Blank 
m. Fluke meter 
n. Temperature indicator
o. D. C. power supply
p. Temperature controller for the final heater
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FIGURE k RIGHT MAIN CONTROLL PANEL
T-199^ 18
I. Omega temperature indicator 
J. D. C. power supply
K. Voltage control switch for the inlet and outlet 
pressure transducers (not in use at present)
L. Fluke meter input switch
M. Selector switch for the thermocouples (Fluke meter) 
(not in use at present)
N. Selector switch for the thermocouples (Temperature 
indicator




The experimental procedure has been discussed in detail 
by J.R. McConnell (8) and only a brief description of the 
daily start-up, the data collection, and the daily shut-down 
procedures will be presented here.
Daily start-up
The refrigeration unit is turned on to cool the condensers. 
The outer chamber of the calorimeter is evacuated by turning 
on the vacuum system and the preheater controller is adjusted 
to the desired temperature. The air flow rate to the preheater 
bath is set at 175 cubic feet per hour. The instruments are 
turned on and the solenoid group A activated when the 
refrigeration outlet temperature drops below 3°°F to open 
the Freon system. The main pump is now turned on and adjusted 
to obtain atlleast a 1 cc. per sec. flow rate. The system 
is pressurized by setting the back pressure regulator at 
approximately 100 psi greater than the desired operating 
pressure. The pressure of the bladder accumulator is now 
set to minimize the pump surges and even out the flow as 
described earlier. Variac controls for the return heater 
and the Freon outlet line are turned on and the return 
heater metering valve adjusted to make the Freon level in 
it remain constant. The temperature controller to the final 
heater is now turned on and adjusted.
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Data collection
After the system has reached steady state the following 
procedure is used for data collection.
1) Record temperatures and pressures to monitor the 
system’s conditlons.
2) Record the weights of the empty Freon and sample 
collection tubes.
3) To collect the fluids, simultaneously push the run 
button, which activates the timer, and *open
the manual valves on the Freon and sample lines.
k ) The sample inlet temperature is recorded every 
30 seconds to monitor the system stability.
5) Freon levels in the calorimeter and a *U' shaped 
"leg" installed upstream of the Freon collection 
tube are noted to check any pressure instabilities 
arising within the system.
6) To end the run, simultaneously push the run button 
to stop the timer and close the manual valves on the 
Freon and sample lines. The collection tubes are 
then weighed again to determine the amounts collected.
7) The sample is now returned to the system by draining 
it into the surge tank while the Freon is returned
to the outer chamber of the calorimeter by activating 
solenoid group D.
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8) After draining, repeat the above steps for the 
conditions of the next run.
Daily shut-down
The final heater and the preheater controllers are 
turned off leaving the air supply to the preheater on. The 
air-supply is turned off when the preheater has cooled down 
to about 1806F. The variac for the Freon return heater is 
turned off and the metering valve opened completely* The 
vacuum system is now turned off allowing time for the diffusion
pump to cool down. After the preheater has cooled, the main 
pump is turned off and the pressure removed from the system 
by first depressurizing the back pressure regulator and 
then the bladder accumulator. All the rest of the instruments 
are now turned off except solenoid group A and the refrigeration 
unit. Solenoid group A is de-energized when the flow through 
the return heater has stopped; at which time, the refrigeration 
unit can also be turned off. It is advisable to leave the 
main circuit-breaker to the refrigeration unit on so that 
the unit is not de-energized completely.
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EVALUATION AND STANDARDIZATION OF THE CALORIMETER
For the evaluation of the calorimeter a series of 
enthalpy measurements on liquid water over a pressure range 
of 100-1500 psi and a temperature range of 65-550°F were 
undertaken. These results have been presented by J. R.
McConnell (8) and will also be discussed in detail by
H. Omid (10). The accuracy of the calorimeter was found to be 
within +0*5$ of the measured AH when compared with the values 
existing in the literature for water (4).
Due to the very large heat of vaporization of water it 
was not possible to operate the calorimeter with a steam or 
steam-*-water mixture at the inlet. Thus, to determine if any 
operational difficulties would be encountered with a vapor 
or vapor-*-liquid mixture at the calorimeter inlet, a series 
of runs on n-heptane were made. The n-heptane used was 
purchased from Phillips Petroleum Company, having the following 
analysis* n-heptane = 99*8 wt.$, dimethyl-cyclopentane * 0.2 wt.$, 
and trace quantities of 3-ethylpentane and methyl-cyclohexane.
No equipment problems were encountered and the results are 
presented in Table 1 and Figure 5«
In order to plot the enthalpy as a function of temperature 
at a constant pressure, the experimental enthalpy difference 
was corrected to the reference temperature of 65°F using the 
heat capacity of heptane at 65°F of 0.5 Btu/lbmdF
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TABLE 1
NORMAL HEPTANE ENTHALPY DATA
Run Temperature, Pressure, psia AH expt(65°F reference) 
No. F Inlet Inlet Outlet  Btu/lbm_______
1* 201.0 150 120 7 4.9
2* 201.5 150 120 75.5
351.9 150 120 1176.0
3* 353-0 150 120 177.7
10 358.8 155 145 181.8
9 359.8 154 142 182.1
16 399.9 153 139 300.1
15 400.1 153 139 303.O
11 400.6 155 144 229.5
12 400.8 155 144 232.6
11 401.7 155 144 254.5
12 401.9 156 144 250.5
6 441.8 151 139 327.9
5 443.0 150 140 331.3
8 496.4 152 140 366.1
7 496.7 154 140 363.2
18 583-7 155 139 427.2
17 585,3 154 139 430.5
20 640.0 154 138 465.5
19 640.7 154 138 471.2







































































(this correction never exceeded 0.2 Btu/lbm). The pressure 
drop across the calorimeter was generally less than 20 psia. 
Moreover, there was some uncertainty on the outlet pressure 
during the first four runs leading to an uncertainty in the 
pressure drop. However, using thermodynamic property charts 
of Starling (11), which were computed from volumetric and 
thermal data, the pressure corrections needed to obtain an 
isobaric enthalpy difference at 15^ psia were found in all 
cases to be less than 0.1 Btu/lbm and thus corrections were 
not made.
Figure 5 shows the corrected enthalpy difference relative 
to a basis of 65 dF at 15^ psia as a function of temperature.
Also presented on the Figure are the results of T.P. Thinh,
R.S. Ramalho, and S.C. Kaliaguine (13)• Their data were 
relative to a 7 7°F reference temperature and a 150 psia 
isobar. Their results were adjusted to a basis of 65*F using 
the tabulation of Starling (11). However, no pressure correction 
was made. From figure 5 the heat of vaporization was estimated 
to be 92 Btu/lbm at 15^ psia and 401°F. The heat of vaporization 
reported by Thirih, et al, (13) was 92 Btu/lbm at 150 psia and 
401°F. The vapor pressure estimated experimentally was 15^ psia 
at 401°F as compared to a value of 153 psia at 401°F from
D.R. Stull (12).
Hence, it may be concluded that calorimeter performed 
extremely well under the test conditions. Moreover, its
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accuracy of +0.5% of the measured AH compared very favorably 
with errors reported by other research groups for Freon 11 
reference calorimeters (9» 12, 13)•
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ENTHALPY MEASUREMENTS ON COAL-DERIVED LIQUIDS
After completing the n-heptane runs the system was 
cleaned by purging it with nitrogen. Acetone was then 
circulated to dissolve any impurities that might be present 
in the system, and the acetone was then removed by a nitrogen 
purge.
After cleaning the system, enthalpy measurements were 
made on a liquid sample produced from a Utah coal using 
the COED process. Measurements were also made on a light 
distillate (cut point ^  520° F @760 mm.Hg) and a middle disti­
llate (cut point 6lO°F @ 760 mm.Hg) obtained by distilling 
the "whole oil" sample.
Utah Syncrude.
The Utah Syncrude has been characterized by the Bartlesville 
Energy Research Center (1) and some of the results of their 
work are presented in Table 2.
The sample was prepared by filtering it three times with 
Whatman #1 filter paper to remove the large amount of solid 
residue in the Syncrude. After charging the system, the oil 
was heated to & temperature of 350°F. A very large pressure 
drop (400 psi) across the calorimeter was observed at normal 
flow rates. One data point was taken at 347°F and approximately 
600 psia, but the inlet pressure increased from 590 to 625 psig 
in the course of the ten minute data collection period.
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TABLE 2 .  ”  Prelim inary data of Utah A-seom cool liqu id
Synthetic Crude O il 
from Utah Coal 
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Before another data point could be taken the pressure drop 
had increased to an intolerable level of 800 psia and 
operation was terminated.
The system was then drained and purged with high pressure 
nitrogen. At the outlet to the calorimeter a very viscous* thick, 
substance was obtained upon venting. The material was a much lighter 
brown.than the-original,oilIt was obvious that this:was the
source of the very large pressure drop. The system was then cleaned 
with n-heptane and purged with nitrogen to remove the heptane.
The system was recharged with a new sample of filtered Utah 
Syncrude and operation of the calorimeter was resumed. Within 
a few minutes after the pump was started, without heating the 
oil, the pressure drop had increased to over 900 psia. The zero 
positions on both bourdon tube gauges were shifted tremendously 
and the outlet pressure transducer's calibration changed. This 
was probably caused by a large pressure surge in the calorimeter.
The pressure gauges were re-zeroed and checked against a third 
Heise gauge to make sure that the calibrations hadn't changed.
Upon purging with nitrogen, the same light brown viscous material 
was found. The material removed from the calorimeter had the 
consistency of mud. After warming, the substance became less 
viscous but remained more viscous than the original sample.
The Utah Syncrude is probably significantly affected by 
pumping as indicated by this phenomenon. In addition, the 
viscosity should increase significantly in going from
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room temperature (75°F) to 65°F. This is indicated in the 
viscosity data as reported by J. E. Dooley, G. P. Stxirm 
P. W. Woodward, J. N. Vogh, C. H. Thompson, "Analyzing 
Syncrude from Utah Coal", BERC/RI-75/7» which gave the 
viscosity at 100°F as 63 saybolt sec. and at 77°F as 112 
saybolt sec. Whatever the cause of the pressure drop buildup, 
the Utah Syncrude could not be run in the calorimeter. The 
one data point that was obtained is as follows:
Temperature.0F Pressure, psia AH EXPT.. Btu/lbm
Inlet Outlet Inlet Outlet
345.2 65.3 627 206 140.9
Distillate sample from the Utah Syncrude.
To prepare distillate samples from the Syncrudes, a 
laboratory batch distillation system was used. One liter of 
the sample at a time is Charged to a distilling flask and 
heated until the desired temperature (cut point) is reached, 
at which point the heat is turned off. The vapors generated 
in the process are condensed by air cooling and collected in 
a receiving flask. A vacuum is then pulled on the distilling 
flask using a vacuum pump and the heat and temperature adjusted
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to obtain the desired vacuum out. A second trap-flask using 
a water-cooled condenser is also used to insure that no light 
ends escape. However, no material was ever collected in the 
trap-flask implying that condensation was complete in the 
receiving flask.
For the distillation of the Utah Syncrude, the products 
consisted of an atmospheric cut (cut point 520°F @ 760 mm. Hg), 
a vacuum cut (cut point ̂  6lO°F @ 760 mm. Hg) and the residue 
(6lO°F*). Losses associated with the distillation were almost 
negligible (less than 0.5%). An overall material balance is 
presented in Table 3* Transparent, beady deposits, which 
were soluble in acetone, were observed on the bottom of the 
flask at the end of the atmospheric distillation. The dis­
tillate was light reddish-brown in color and tended to become 
darker with the passage of time.
The vacuum cut was greenish-black in color, which could 
be due to the "uncontrollable” bumping associated with the 
vacuum distillation. It was also interesting to note that 
the obnoxious odor of the whole oil sample was now associated 
with the light distillates (more so with the atmospheric than 
the vacuum) instead of the residue.
The residue was dark greenish-black in color, extremely
/ 0 Nviscous at room temperature ( w  75 F) and had a very peculiar 
odor of its own.
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TABLE 3
Overall Material Balance (Utah Syncrude)
Total "Crude" Charged * 10,059*95 gm.
Products:
Atmospheric Distillation (620 mm. Hg) f. Qh ^(Cut point ~  520*F @ 760 mm. Hg) * 4,055.84 gm.
Vacuum Distillation ( 3-^ Hg) 1 o1lQ qq(Cut point~ 610*F @ ?60 ram. Hg) = gm.
Residue (610 °F+ @ 760 mm. Hg) * 4.705.64 gm.
TOTAL PRODUCTS =10,011.37 gm.
LOSS = 45.58 gm.
0.48#
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Enthalpy measurements on the Atmospheric Cut? In order to 
obtain more enthalpy data in the twd phase, and vapor regions, 
where there are significant effects of temperature and pressure 
on enthalpy, it was decided to study the atmospheric cut by 
itself. Results of ASTM distillation and API gravity measure­
ment for this cut are presented in Table 4.
After this sample was charged to the calorimeter, data were 
obtained from 130°F to ?10°F along 60, 100, 500, 1000 and 1500 p 
psia isobars. The results are presented in Table 5 and 
Figures 6-11. The color of the distillate darkened with time 
but no effect on enthalpy was observed.
. oThe outlet temperature was corrected to the base of 65 F~ 
using the heat capacity at this temperature as found from the 
measured enthalpy vs. temperature curve (C = 0.47 Btu/lbm°F).Jr
This correction never amounted to more than 0.3 Btu/lbm. The 
outlet pressure was corrected to a reference of 1 atm. using the 
Kesler-Lee correlation (5»6). The pressure corrections are shown 
in the Table and sample calculations are presented in Appendix III.
From the Figures 8, 9» 10, & 11 it can be seen that for the 
Utah Syncrude, the enthalpy was not a significant function of 
pressure at high pressures (500 to 1500 psia). As is also 
apparent from the figures the enthalpies are higher at low pressures 
as compared to high pressures in the high temperature region. This 
is due to a significant amount of vaporization associated with 
the lower pressures at high temperatures.
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TABLE 4
Characterization of Utah Atmospheric Distillate
ASTM Distillation
% Recovered Temp., °F Corrected (Fig. 5A1.15
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Figure 11 shows a comparison of the low pressure results 
(60 and 100 psia) with high pressure isobars. The phase 
transitions are readily observed.
All of the data that were obtained are reported with 
the exception of all runs taken on June 23» 1977» which 
were at 60: an& 100 psia. The experimental enthalpies obtained 
for these runs, were all 5 to 10 Btu/lbm higher than runs 
taken on other days, and these results could not be reproduced. 
It now appears that there was some system malfunction on 
that day resulting in higher enthalpy values, and all 
June 23 data taken were disregarded.
Enthalpy measurements on the vacuum cut: An effort was made
to make some enthalpy measurements with the vacuum cut 
obtained from the Utah Syncrude. There was only enough 
sample for one charge to the system and owing to considerable 
leakage and sample loss during operation, only nine data 
points could be obtained. Eight of the measurements were 
made at 500 psia in the temperature range of 312°F to 600°F.
One of the data points was at 99^ psia and 361. 9°F» The 
results are presented in Table 6 and Figure 12.
As expected the enthalpy of the vacuum cut was consistently 
lower than that of the atmospheric cut at the 500 psia isobar. 
Figure 13 shows the comparison between the enthalpy measurements 
for the atmospheric cut and vacuum distillate at the 500 psia
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isobar. As is shown in the Figure, the difference in 
enthalpies of the two cuts increases with an increase in 
temperature thus implying that vaporization, in the vacuum 
cut, may not occur up to the same extent as that in the light 
distillate at elevated temperatures.
An ASTM characterization of the vacuum distillate could 
not be done due to an insufficient amount of the sample.
The temperature and pressure corrections could not be 
made due to the lack of information regarding heat capacity, 
molecular weight, API gravity and the Watson characterization 
factor, K.
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CORRELATION OF ENTHALPY DATA FOR THE ATMOSPHERIC CUT 
OBTAINED FROM UTAH SYNCRUDE
As an initial stage in the effort to correlate enthalpy 
data for coal-derived liquids (light distillate from Utah 
Syndrude in this case), the experimental enthalpies were 
compared with the predicted enthalpies using correlations 
developed for petroleum fractions. However, it is to be 
noted that the conditions under which the coal liquids are 
formed and the hydrocarbon type distribution often differ ra­
dically from those of the petroleum fractions. This could 
prove to be a severe limitation on the usefulness of petroleum 
correlations to predict enthalpies of coal liquids. Moreover, 
a mixing rule with a pure component correlation cannot be 
applied to undefined mixtures of hydrocarbons such as 
coal liquids.
The correlations considered were the Johnson-Grayson 
correlation (3) as presented in the A.P.I. data book, the 
Kesler-Lee graphical correlation (5) which is an update of 
the original Johnson-Grayson correlation, and the Kesler-Lee 
correlation in the form of analytical equations for easy 
application on the computer (6). These correlations and others 
have been discussed in detail by Roberta Fleckenstein (2). 
Briefly, however, all the correlations follow basically 
the same procedure for predicting the enthalpies. First, 
empirical equations at reference state pressure are determined
T-199^ 55
for estimating the liquid and vapor phase heat capacities 
as well as the heat of vaporization as functions of temperature. 
The enthalpy of the liquid phase is determined by integrating
the liquid phase specific heat equation between the reference
\
temperature and the temperature of the liquid. If the fluid 
exists in the vapor phase, the liquid phase heat capacity 
is integrated between the reference and the normal boiling 
point, the heat of vaporization is added, and the vapor phase 
heat capacity equation integrated between the normal boiling 
point and the temperature of the fluid. Pressure correction 
term for deviation from the reference pressure is then added 
to compensate for the effect of pressure on the enthalpy.
Often the effect of pressure on a liquid that exists below 
1000 psia is neglected.
The following equation is a mathematical representation 
of the above steps:
H = | b <cp h  dT + |b <Cp V T + Hp.c. * AHV 
Where,
H * enthalpy relative to To, Btu/lbm,
T0 = reference temperature,
Tb = normal boiling point temperature,
(Cp)i * liquid phase heat capacity at reference pressure,
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(Cp)y = vapor- phase heat capacity at reference pressure,
p.c. = pressure correction term to compensate for the 
effect of the systems pressure on enthalpy,
T = system temperature, (which is higher than 
for a gas).
AHy = latent heat of vaporization 
The three correlations, mentioned earlier, that were 
considered for comparison purposes with the experimental 
enthalpies use the ASTM distillation results and the API 
gravity as properties for characterizing the sample. From the 
ASTM distillation and the API gravity, properties such as true 
boiling curve, mean average boiling point, molecular weight, 
and pseudocritical properties which are required for the 
correlation are computed using charts in the API data book 
and the equations given by Kesler and Lee (5)» The results 
of the comparisons are presented in Table 7 for the light 
distillate from the Utah Synerude.
As seen from the table, the original charts of Johnson 
and Grayson (3) gave results that were in better agreement 
with the experimental data for the light distillate obtained 
from Utah Syncrude than either of the two newer methods 
developed by Kesler and Lee. In general, results were 
better at lower temperatures than higher temperatures although 
all the predicted enthalpies were lower than the experimental 
values.
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All three methods were able to predict the enthalpy to 
almost within experimental error at temperatures up to about 
300dF. However, at higher temperatures ( 700dF) errors ranged 
from 10 to 20 Btu/lbm for the Johnson-Grayson method to 20 to 
27 Btu/lbm for Kesler and Lee computer method.
Results in the two phase region, where the correlations 
cannot and should not be applied as illustrated by the significant 
differences between the predicted and the experimental values, 
are also presented in the table.
It is also interesting to note that all of the results 
are biased low relative to the experimental enthalpies which 
may suggest the possibility of the development or modification 
of a correlation for coal-derived liquids which corrects for 
this bias. However^to initiate any action along these lines, 
several more enthalpy measurements with various coal liquids 
will have to be made.
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TABLE 7
Comparison of Experimental Isobaric Enthalpy Differences 
for the Atmospheric Distillate from the Utah Syncrude with 
Results Calculated from Petroleum Fraction Enthalpy Correlations
Temperature AH expt. AH J-G AH K-L AH computer 
°F Inlet Btu/lbm Btu/lbm Btu/lbm Btu/lbm
60 psia Isobar
294.3 116.1 109.0 109.2 109.8
327.7 136.7 127.0 128.7 128.0
361.2 155.5 147.3 147.4 146.7
401.8 182.5 170.9 169.6 169-9
*527.1 301.1 359-5 352.0 246.2
*586.3 379.2 390.9 388.4 284.6
637.6 430.1 416.1 411.3 407-3
6 6 6 . 8 448.3 432.2 428.1 424.6
706.5 475-5 456.5 452.1 448.7
♦Two-phase region where correlations are not applicable.
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TABLE 7 (Con’t.)
Comparison of Experimental Isobaric Enthalpy Differences 
for the Atmospheric Distillate from the Utah Syncrude with 
Results Calculated from Petroleum Fraction Enthalpy Correlations
Temperature AH expt. AH J-G AH K-L AH computer 
°F Inlet Btu/lbm Btu/lbm Btu/lbm Btu/lbm
500 psia Isobar
360.9 156.2 148.1 146.5 147.2
410.1 187.0 175-1 174.6 175.4
523-5 259-0 241.5 245.4 244.1
604.8 314.8 305.1 300.9 296.6
630.9 335.1 321.5 318.3 314.1
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TABLE 7 (Con’t.)
Comparison of Experimental Isobaric Enthalpy Differences 
for the Atmospheric Distillate from the Utah Syncrude with 
Results Calculated from Petroleum Fraction Enthalpy Correlations
Temperature AH expt. AH J-G AH K-L AH computer 
eF Inlet Btu/lbm Btu/lbm Btu/lbm Btu/lbm
1000 psia Isobar
313.2 126.5 119.8 119.5 121.7
424.2 195.3 184.4 181.9 184.3
516.3 254.9 241.6 241.6 240.0
559.5 283.5 271.3 268.9 267.2
614.5 320.3 310.1 304.8 303.O
666.0 355.9 344.1 340.6 337.5
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TABLE 7 (Con't.)
Comparison of Experimental Isobaric Enthalpy Differences 
for the Atmospheric Distillate from the Utah Syncrude with 
Results Calculated from Petroleum Fraction Enthalpy Correlations
Temperature AH  expt. AH J-G AH K-L AH computer 
°F Inlet Btu/lbm Btu/lbm Btu/lbm Btu/lbm
1500 psia Isobar
359.2 154.1 146.1 146.6 147.9
^50.4 209.6 200.4 198.9 200.5
581.4 297.2 288.7 286.2 281.6
721.5 399-5 381.5 375-9 375-3
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CONCLUSIONS
Experimental measurements could not be made on a whole 
oil sample of a Utah Syncrude because the sample viscosity 
increased dramatically with time due to some unusual property 
of the liquid. Experimental measurements, however, were 
completed for a light distillate (cut point ^  520°F @ 760 mm.Hg) 
derived from the Utah Syncrude. In addition, enthalpy 
measurements were attempted on the middle distillate (cut 
point ^  6lO°F @ 760 mm. Hg) but could not be completed 
owing to the limitation in the amount of sample available.
The results of comparison between the experimental enthapies 
and those predicted by the Johnson-Grayson and Kesler-Lee 
correlations were better at lower temperatures than at higher 
temperatures although all the predicted enthalpies were 
lower than the experimental values. However, many more 
measurements will have to be made with various coal liquid 
samples before any positive conclusions can be drawn as to 
the usefulness of the petroleum correlations for predicting 
enthalpies of coal derived liquids.
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RECOMMENDATIONS
1. It is advisable when flushing the system with n-heptane
between "charges" to isolate the bladder accumulator in
1 order to prevent it from being "eaten" away.
2. It is recommended that the final heater not be used to
heat the liquid sample more than 150°F above the temperature
attained in the preheater.
3. The set point on the final heater temperature controller 
should be increased gradually (in steps of 50°F at the 
most) in order to avoid excessive cycling of the inlet 
temperature.
4. Do not use excessively high liquid flow rates at high system 
temperatures and low pressures as this leads to pressure 
instabilities in the Freon system.
5. All the low temperature runs (up to 500°F) at different 
isobars should be completed before any high temperature
(>5006F) measurements are attempted. This is Important 
to prevent destroying the sample due to the possibility 
of thermal cracking before the low temperature regions 
have been thoroughly investigated.
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SAMPLE CALCULATION FOR DETERMINING H EXPT 
(A REPRESENTATIVE DATA SHEET IS ATTACHED)
Weight of Freon 11 (reference fluid) collected = 769*14 gm
Weight of Utah light distillate collected = 281.71 gm
BTULatent heat of vaporization of Freon 11 = 7 9 * 2
Now, applying eqn. 2 (as discussed earlier)
- 769-14 T f s f V  X 79-2 ! i x.281-.71'1..lbm 454 gm '
lbm
AHEXPT “ 216 * lbm
@ 458.7°F and 997 psia as specified in the
attached data sheet.
Enthalpy departure correction for the deviation of outlet 
temperature from the reference temperature of 65°F
liquid phase heat capacity of Utah light
BTUdistillate as obtained from Fig. 7 =0.47 lbm°F
Enthalpy departure for a temperature 
deviation of 0.7°F (see attached
data sheet) = 0.7°F x 0.4-7




A H EXPT = 216,24 ♦ O.33






Atm. Press.: 11.98 psia
Date: June 30, 77 Run: 76 Sample: UTAH (ATM CUT)
1 78°F (1) 189.228
2 0 0 8
3 90 " .307
4 109 " .344
5 39 - .389
6 64 " .417
7 66 " .487
8 471 " .443
9 121 " .457












Sample: 689.45 gm 
97 1 .1 6 gm
281.71




Eor: 3 * 9'










P 996.98 psia 952.98 psia
65.70 F
A H  freon = 79 *2 BTU/lbm





CONVERSION OF ASTM TEMPERATURES TO ATMOSPHERIC TBP DISTILLATION 
DATA (USING THE PROCEDURE OUTLINED IN THE API DATA BOOK)
TABLE 4
Characterization of Utah Atmospheric Distillate
ASTM Distillation
% Recovered Temp., 6F Corrected (Fig. 5A1.15 API Data*











End point 580 598
(4.8 ml were left at the bottom of the distilling flask). 
♦Ambient pressure of Golden, Colorado
Measured API of Utah Atmospheric Distillate = 29.4°API
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Correction for ASTM D 86 temperatures above 475°F for 
cracking using Eqn. 3A1.1-1 (API Data Book).
Log D = - 1.58.7 + 0.00*173 T (3A1.1-1, API Data Book) 
Where,
D = Correction to be added to T, in °F 
T = Observed distillation temperature, in °F 
For 520°F point at 80$ distilled,
Log D = - 1.587 + 0.00473 (520) = 0.8726
D ^ 7 »5°F
The corrected 80$ temperature = 520 + 7*5 = 527«5°F
For 559°F point at 90$ distilled,
Log D = - 1.587 + 0.00473 (559) = 1.05707 
D * 11°F
The corrected 90$ temperature = 559 +11 = 570 F
Atmospheric TBP 50$ temperature = 442 + 2  = 444°F
*(AF = 2°F from Fig. 3A1.1, API Data Book)
Segment of Curve ASTM Temp. Diff., °F TBP Temp. Diff., °F
$ by Vol. (From Fig. 3A1.4 APIData, Book)
10 to 30 131 124
30 to 50 74 93
50 to 70 48 63
70 to 90 80 89
The corresponding TBP temperatures for a 50$ temperature 
of 444°F are:
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30fo temp. = 444 - 93 = 351°F
10% temp. = |51 - 124 = 227°F
70% temp. = 444 + 63 = 507°F
90% temp. = 507 ♦ 89 * 596°F









CALCULATION FOR WATSON CHARACTERIZATION FACTOR (K).
1/3(MeABP)K = ----------------
Sp. Gr. 60°F/60°F
227 ♦ 351 ♦ 444 ♦ 5Q7 * 596 VABP =   = 425 F
5
596 - 227 °F
Slope = --------- = 4 .61 -----------
80 $ Distilled
From Fig 2B1.1 (API Data Book), Af = -36°F
MEABP = 425 - 36 = 389°F
60 °F 141.5 141.5Sp. Gr. --— - = 4rrr  = ------------
60 F (°API + 131.5) (29.4 ♦ 131.5)
0.8794
Watson characterization factor,





CALCULATION OF T , P , CO , MW, USING KESLER-LEE CORRELATIONS (5)V___ w__________________________________________
Critical Temperature, T
T = 341.? + 811 (SG) * (0.4244 + 0.1174 SG) T.
+ (0.4669 - 3.2623 SG) 105/Tb
Where, SG = 0.8794
T. = 425 + 460 = 885°R




ln?= 8.3634 - 0.0566/SG - (0.24244 + 2.2898/SG ♦
+ 0.11857/SG2) 10-3 T. + (1.4685 + 3.648/SG ♦
+ 0.47227/SG2) IQ'? t2 _ (0,^2019 + 1,6977/SG2) 10"10 T3
Substituting the appropriate values of SG and as before 
and solving we have,
P = 384.09 psiaw
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Accentric Factor, u)
In P®r - 5.92714 ♦ 6 . 0 9 6 W T br + 1.28862 In Tbr - O.I69347 Tbr 
(15.2518 - 15.6875/Tbr - 13.4721 In Tbr + 0.43577 Tbr)
Where, Pbr = 14.7/384.09 = 0.03827
Tbr = 885/1250.4 = 0.70777





MW = - 12272.6 + 9486.4 SG ♦ (4.6523 - 3.3287 SG) Tfe 
+ (1 - 0.77084 SG - 0.02058 SG2) 
x (1.3437 - 720.79/Tb ) 107/Tb 
♦ (1 - 0.80882 SG + 0.02226 SG2)
x (1.8828 - 181.98/Tb) 1012/T^
Substituting the appropriate values of SG and in the above 
eqn. and solving we have,




CALCULATION FOR PRESSURE CORRECTION USING LEE-KESLER 
CORRELATION (6)
Enthalpy departure function as suggested by Lee and 
Kesler is given by,
f(H-H*)/RT 1 = )/RT 1 (0  ̂ ♦ w [(H-H*)/RT j
V »  W  V# V
T = 525°R (T of interest)
T = 1250.4®R (Calculated in Appendix II)
CD *  0.4703 (Calculated in Appendix II)
M.W. = I67.8 (Calculated in Appendix II)
P = 384.09 psia (Calculated in Appendix II)
V
Enthalpy departure for 100 psia 
P = 100 psia
Pr = 0.2604
Tr = 0.41987
C(H-H*)/Rt J  *0' = 5.69293 (Using Table 5, Kesler-Lee, (6))
[(H-H#)/RTl = 9.8993 (Using Table 5, Kesler-Lee, (6))
V
[(H-H*)/feTj) = 5-69293 ♦ (0.4703) (9.8993)
= 10.3488
Or (H*- H) =-10.3488 x 1.987 -t f SS& R x 1250.4°R x '̂ ^^lbin
(H*- H) =-153.2
Enthalpy departure for 500 psia (Pr = 1,302, Tr « 0.41987) 
[■(H-H*)/RTj(0) = 5-626
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[(H-H#)/RT ] = 10.284
V
=-152.2
Enthalpy departure for 1000 psia (Pr = 2.60^, T3 
[(H-H*)/RTcl ^  = 5*542
[(H-H*)/RTC1 ^  = 9.9102
[(H-H*)/RTC] = 10.21
• •• (H*-H) =-151.14
Enthalpy departure for 1500 psia (P = 3*91» Tr
{"(H-H*)/RT 1 ^  = 5.458
[(H-H*)/RT "] ^  = 9.9194

























































Sample calculation of pressure correction for Run NO. 76
Outlet pressure = 953 psia
Pressure correction = (153*35 - 151*25) = 2.10XFrom figure on previous page)




SAMPLE CALCULATIONS FOR THE PREDICTION OF ENTHALPY USING 
JOHNSON-GRAYSON (3) AND KESLER-LEE (5) CORRELATIONS
(Data sheet for Run No. Ill is attached. All the rest of 
the calculations are done using the procedures outlined in 
Appendices I, II, and III)
Kesler-Lee (5) Procedure for Enthalpy Prediction (AHK_^ in Table 7) 
P » 1000 psia
P » 384.09 psia (calculated earlier)o
P ■ 2.604r
T = 666.0 F (see attached data sheet for Run No. Ill)
T = 1250.4 R (calculated earlier)c
Tr * 0.9005
u> a 0.4703 (calculated earlier)
MW « I67.8 (calculated earlier)
K = 10.77 (calculated earlier)
AH = r(AH/RTc) ^  ♦ u>(AH/RT0) ^ }  x RTc/MW
From Figures 2 and 4 (Kesler-Lee ( 5) ) for K=10.77
BTUH = 431.86 lbm
(AH/RT )°= 4.12C
(AH/RT )* = 4.35
V
AH = -91.3 BTU/lbm
Hk_io.7f (liquiJ) = 431.86 - 91.3 = 340.6 BTU/lbm
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Johnson-Grayson (API Data Book) Procedure for Enthalpy Prediction 
(AH j_G In Table 7)
From Figures 7B. 4.3 and 7B4.4 (API Data Book)
H = 435.09 fj-jjj for K = 10.77
(AH/RT6)° = 4.125
(AH/RTJ1 = 4.30C
AH = - 91.0 BTU/lbm
Hk= 10.77(Liquid) " V * ' 1
Kesler-Lee Computer Procedure for Enthalpy Prediction 
^COMPUTER in Tat)le 7)
The computer program as written by Roberta Fleckenstein (2) 
was used to generate the values in the last column in Table 
For the case at hand,







Date: July 12, 77 Run: 111 Sample: UTAH '




4 106 " .40
5 49 " .40
6 65 " .40
7 66 " .42
3 606 " .46
3 131 " .48
10 676 .46





Freon: 17 38 .98 gm
691.92 gm
1046.56
Sample: 922.16 gm 
689*07 gm
233*09
Heise Reading IN; 988 psig 0UT« 929 psig 
Time: 300.2 S e c .
Freon Level: Cal. Leg.
Sor: 3.375" Sor: 4.75’
Eor: 3*25" Eor: 4.75'
Inlet Outlet
P 999.96 psia 990.96 psia
T 665.96 P 65.55 F
79.2 BTU/lbm
355.60 BTU/lbm
77-01-604
